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Microresonators are powerful tools to enhance the efficiency of second-order

nonlinear optical processes, such as second-harmonic generation, which can
coherently bridge octave-spaced spectral bands. However, dispersion con-
straints such as phase-matching and doubly resonant conditions have so far
limited demonstrations to narrowband operation. In this work, we overcome
these limitations showing ultrabroadband resonant frequency doubling in a

M Check for updates

novel integrated device, wherein the resonant enhancement of pump and
second harmonic are individually addressed in two distinct and linearly
uncoupled microring resonators, each adjusted to target the respective
spectral band. The two microresonators are designed and tuned indepen-
dently, yet share a common interaction region that grants nonlinear coupling
over a quasi-phase-matching bandwidth exceeding 200 nm, enabled by the
inscription of a photoinduced x® grating. The system allows to not only
conveniently disentangle the design parameters of the two microresonators
but also to reconfigure the doubly resonant condition electrically, and the
phase-matching condition optically. We demonstrate milliwatt-level addres-
sable second-harmonic generation over the entire telecom band and then
configure the device to internally generate and upconvert a Kerr frequency
comb with bandwidth exceeding 100 nm and upconverted power up

to 10 mW.

Second-order nonlinear optical processes, such as second-harmonic
generation (SHG), are fundamental tools in photonics technology, as
they enable converting light across widely separated regions of the
optical spectrum while preserving its coherence'. They find wide-
spread application in the engineering of light sources?, imaging’,
ultrafast physics*, material science’, and quantum technology®, to
name a few. Leveraging the nonlinear dielectric response of a medium
typically requires high field intensities, which nowadays can be effec-
tively achieved through high peak power pulsed sources in bulk sys-
tems—or by exploiting spatial and temporal light confinement in
integrated structures.

Microring resonators stand, among various microcavity geome-
tries proposed’®, as a prime choice for efficient on-chip frequency

doubling, thanks to the possibility to design devices with high Q
resonances at both fundamental- (FH) and second-harmonic (SH).
Highly efficient frequency doubling has notably been achieved in y®
material platforms such as thin-film lithium niobate (TFLN), with
conversion efficiency (CE = Pgy, /P, Pry and Psy; being respectively the
pump and SH power) as high as 5,000,000%/W’, -V materials (e.g.,
AIN', GaN®, GaAs", GaP"?), and silicon carbide (SiC)”. Despite
remarkable advances, these materials generally still suffer from limited
power handling capability, a non-standardized fabrication process,
and material-specific limitations.

An alternative approach is represented by silicon nitride (SizN4)
integrated photonics", which combines low loss, a well-established
and CMOS-compatible fabrication, and excellent power handling
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capabilities. Although lacking intrinsic ¥ due to its amorphous nature,
SisN, can be endowed with a photoinduced second-order nonlinearity
through the coherent photogalvanic effect %, In resonant structures,
this can yield high CE (up to 2500%/W)" and record-high generated
power (>10 mW)?. These advances have made it possible to realize
complex chip-scale functionalities such as frequency comb self-
referencing”* and self-injection-locked SHG***.

While microring resonators are capable of highly efficient fre-
quency doubling, their practical usage is hindered by limitations in
bandwidth and poor wavelength tunability. Indeed, broadband SHG in
a ring resonator must satisfy three requirements simultaneously: (i)
phase-matching, (ii) doubly resonant condition for pump and SH, and
(iii) free spectral range (FSR) matching. Perfect phase-matching is
usually prevented by material and modal dispersion, but it can be
obtained through intermodal phase-matching” or through quasi-
phase-matching (QPM)—the latter either exploiting the natural bire-
fringence of the medium (4-QPM)" or the electric-field poling of a
ferroelectric waveguide’. Doubly resonant high-Q microrings are also
typically unachievable deterministically, even by tailored designs, due
to fabrication tolerances, for the resonance position must be con-
trolled with a precision comparable with the linewidth. A common
workaround is thermal tuning, where the slightly different thermo-
optic effect on pump and SH resonances can compensate for small
deviations from a nearly doubly resonant condition statistically
obtained among many fabricated samples. However, this method is
not scalable, does not allow for the precise control of the operation
wavelength, and becomes unpractical in systems with large FSR. If a
doubly resonant condition is difficult to achieve at a given pump
wavelength, broadband SHG involving multiple resonances is even
more challenging. Indeed, the FSRs at pump and SH frequencies are in
general different: therefore, high-Q resonators only enable doubly
resonant SHG over a small number of resonances at the time,
restricting applications such as frequency comb upconversion to a
limited number of spectral lines®?° and, more generally, setting a
trade-off between bandwidth and CE*”"%. In principle, this can be
mitigated by adjusting the waveguide cross-section to match the
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group velocity”, but at the cost of dispersion engineering, which is
already required for controlling the comb properties or generating
soliton states.

In this work, we address all of these issues, inherent to the single-
ring approach, by demonstrating a device where the pump and SH
fields are associated with two separate resonators that yet share a
common path where nonlinear processes can occur. This change of
paradigm allows one to adjust the optical properties of the system in
different spectral regions independently and achieve efficient non-
linear interaction without dispersion engineering®®, First, a photo-
induced nonlinearity is realized in the Si;N4 coupling region where
pump and SH coexist, whose periodicity automatically satisfies the
QPM condition over a broad bandwidth (all-optical poling process,
AOP?), Second, the families of azimuthal modes of the two resonators
can be independently tuned through electric actuators to make sure
that a doubly resonant condition is always satisfied. Third, the micro-
resonator lengths are tailored to grant FSR matching at the design
level. Finally, efficient in-coupling and extraction of light at the pump
and SH wavelength are obtained by optimizing the couplers to the two
resonators independently. We investigate the device operating prin-
ciple by two-photon microscopy, showing that the AOP process occurs
in the region where the circulating pump and SH field interact, proving
the linearly uncoupled nature of the two resonators. We then showcase
the potential of this approach by reconfiguring the device to achieve
SHG with milliwatt-level generated power over the C and L telecom
bands, limited only by the bandwidth of our amplifiers. Finally, we
demonstrate the broadband operation of the device by using it to
generate a modulation instability comb that we frequency-double
intracavity, within the same structure, over a pump bandwidth of
nearly 100 nm (12.5 THz).

Results

Device description and operating principle

A conceptual schematic of the reconfigurable SHG source is shown in
Fig. 1A. The device is composed of two “racetrack” resonators designed
to operate respectively in the pump (“south”) and SH (“north”) spectral
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Fig. 1| Reconfigurable frequency doubling device. A Conceptual schematic of
the device. The pump and SH circulate respectively in the south and north loops,
sharing a fraction of the optical path where nonlinear interactions (AOP and SHG)
occur. B Resonances distribution for the north (top) and south (bottom) resona-
tors, respectively at the pump and SH frequencies. The absolute resonance
frequencies in the north (south) ring can be tuned by acting on the north (south)
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heater. The resonators’ FSR can be individually tuned by tailoring the respective

loop length. C Micrographs of the fabricated chip and (D) a single device. E Low

power transmission spectra for the TEgo mode in the SH (top) and pump (bottom)
bands. The detail shows a typical pair of resonances involved in the SHG process
and associated Lorentz fit.
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Fig. 2 | All-optical poling and second-harmonic generation. A Micrograph of a
typical device in frequency doubling operation. The visible camera (left) empha-

sizes the resonant field enhancement of the generated SH in the north loop, while
the infrared (IR) camera (right) shows the field enhancement in the south loop. Note
that the two fields overlap in the shared path, where AOP and simultaneous SHG

occur. B Typical experimental SHG spectrum, showing generated light at 770 nm
(pump attenuation: 27.5 dB). C Collection of SHG spectra associated with pumping

in the C and L bands (resolution: 1 nm). Each trace is a detail of a spectrum as shown
in panel (B). The heater currents are slightly adjusted for each data point to opti-
mize the generated power. D Two-photon and (E) one-photon micrograph of one of
the devices after inscription of the nonlinear QPM grating through AOP. TPM
imaging reveals a periodic |y®|? distribution that only exists in the interaction
region, confirming the linearly uncoupled nature of the process.

bands. Both resonators are nearly critically coupled to their bus
waveguide for the fundamental transverse-electric mode (TEqo). A
Mach-Zehnder interferometer (MZI) structure is used to introduce an
interaction region between the two resonators by using two direc-
tional couplers designed to operate near 100:0 splitting ratio in the
pump band and near 0:100 in the SH band®. Finally, a thermo-optic
phase shifter (“heater”) is placed on each resonator and on the lower
arm of the MZI, allowing, respectively, to tune the set of resonant
modes at pump/SH and to compensate for any residual linear coupling
between the two racetracks.

The resulting resonances distribution is sketched in Fig. 1B: dif-
ferently from the case of a single resonator, the two sets of modes can
be independently shifted to achieve a doubly resonant condition by
acting on the north/south heater. Moreover, by engineering the length
of the two resonators, one can by-design match the FSRs of the two
rings in order to allow simultaneous frequency doubling on multiple
resonances, according to the formula:

v
FSRp, = Li =% =FSRy, @

where ug HEH) s the group velocity of the pump (SH) mode and Lgysp) is

the optical path length of the south (north) resonator. Note that in the
case of a single resonator (where Ly = Lsy), FSR matching can only be
achieved through group velocity matching, posing a significant con-
straint on dispersion engineering.

A typical fabricated device is shown in Fig. 1C-D. We use a lensed
fiber to couple light to the chip and electrical probes to actuate the
heaters (see “Methods”). Typical transmission spectra in the pump and
SH bands are shown in Fig. 1E. By acting on the south and north
resonator heaters we are able to observe a rigid and independent shift
of the respective resonance spectra (the north heater case is shown in
Fig. 1E). Similarly, acting on the MZI heater enables us to dynamically

vary the pump resonances visibility and linewidth, as a result of power
leakage to the north resonator, strongly overcoupled in the pump
band (see Supplementary Note 1). Once these values are optimized,
from best fit of the Lorentzian lines recorded we estimate a loaded Q
factor of around 0.69 x 10° at the pump and 1.78 x 10° at the SH.

Addressable doubly resonant SHG

To investigate SHG, we pump the south resonator with an amplified
tunable laser and configure the device with the procedure described in
the Methods. The occurrence of the AOP process is marked by a
sudden increase of the SHG power from the north resonator. Visible
and infrared imaging of the device in operation (Fig. 2A) provides
straightforward evidence of the linearly uncoupled nature of the pro-
cess. Light scattering from the north and south resonators during the
SHG process, when acquired with either a visible or an infrared camera,
suggests that the SH and pump fields are circulating only in their
respective resonators. A typical spectrum of the output light is also
shown in Fig. 2B, confirming the SHG process and the absence of
spurious spectral components. By repeating this procedure, we
reproduce a similar result among several devices with different FSR
and coupling conditions, systematically recording a generated SH
power of up to 10 mW (with a pump power of 220 mW).

We then focus our attention on a single device, characterized by a
nominal FSR of about 130 GHz, and investigate its suitability for effi-
cient SHG across multiple resonances. To this end, we tune the pump
wavelength to each of the resonances within the C and L telecom
bands (1530-1620 nm) and repeat the optimization procedure, each
time reconfiguring the QPM grating by AOP. Figure 2C shows the
recorded SHG spectra, all corresponding to an output power in the
milliwatt level (average: 1.4 dBm, standard deviation: 2.4 dB, see Sup-
plementary Fig. 6 for more details), proving the capability of the
integrated nonlinear device to operate across a wideband range when
electrically reconfigured. Note that this demonstration is limited by the
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Fig. 3 | Reconfiguration of the nonlinear interaction. A SHG traces obtained by
ramping down the north heater power (i.e., slowly blue-shifting the north ring SH
resonance). Each trace corresponds to a different detuning 6, =Aes — Apymp Of the
pump laser from the hot cavity resonance at its maximal shift. The asymmetric
lineshape is attributed to the presence of thermal shift in the north resonator.
B SHG power scaling measurement and quadratic fit. C High resolution SHG map at

in the cold cavity regime after inscription of the nonlinear grating. Here the pump
power is kept low (0.2 mW) to prevent thermal shifts as well as the triggering the
AOP process. The red and blue dashed lines highlight respectively the pump and SH
resonance peaks, which red-shift for increasing north heater power. The peak
values are plotted in (D, E) and fitted with a Lorentzian and squared Lorentzian
function respectively (black solid line).

availability of amplifiers, while the nonlinear device is expected to be
capable of covering an even broader spectrum, limited only by the
bandwidth of the resonators’ point couplers and of the MZI, estimated
at about 150 nm (19 THz).

Further insight on the AOP process can be gathered by two-
photon microscope (TPM) imaging of the inscribed x® grating
(Fig. 2D)"7*¢. Compared with regular (one-photon) micrographs
(Fig. 2E), TPM images clearly show that the nonlinear grating inscrip-
tion occurs only in the upper arm of the interferometer, corroborating
the hypothesis of linear uncoupling. The poling period is measured to
be around 4.35 um, in perfect agreement with the simulated values of
effective indices for the TEqo/TEge mode pair at pump/SH.

Nonlinear properties
To gather insight on the nonlinear properties of the developed device,
we first perform a broadband mapping of the AOP process**, as
detailed in Supplementary Note 2. We then focus our attention on a
single resonance (around 1590 nm) and investigate the AOP dynamics
at different values of pump detuning (Fig. 3A). We first set the pump
wavelength close to resonance, and then slowly ramp down the north
heater power, inducing a blue-shift of the SH resonance. Consequently,
the SH field enhancement is progressively increased until a sudden
spike in the SH power is observed, marking the AOP onset, where the
conditions for poling of the north resonator are met?*. When further
decreasing the north heater power, the generated SH increases owing
to the increased field enhancement, until a sudden drop is observed.
We attribute this to the specific dynamics of the AOP process in
resonant structures®. We repeat the measurement while further tun-
ing the pump close to resonance, observing an earlier occurrence of
the AOP onset, an overall increase of the peak generated SH, and a
systematic drop occurring at nearly the same SH detuning conditions.
The experiments described so far entail circulating pump and SH
intensities sufficiently high to trigger the AOP process. However, it is
known that the x® grating, once inscribed, can subsist for very long
time, exceeding several months at room temperature®. We therefore
investigate the nonlinear response of the system in a regime of low
pump power, insufficient to trigger the erasure or reconfiguration of
the grating, after previous poling a selected resonance. To establish
the limits of such “cold cavity” regime, we perform a scaling analysis of
the generated SH power as a function of the pump power in the bus
waveguide, as shown in Fig. 3B. For each value of the pump power, the
wavelength is slowly scanned through the resonance from the blue to
the red side, and the peak SHG power is recorded. The resulting trend
shows a quadratic increase of the generated SH for pump powers

below ~20 mW. When the pump power is further increased, a deviation
from such trend is recorded: we attribute this to the reconfiguration of
the @ grating®. When further increasing the pump power, the gen-
erated SH restores the quadratic trend, reentering the combined AOP/
SHG process (“hot cavity” regime). The cold- and hot-cavity regimes
are therefore desirable for efficient SHG, while the intermediate
regime of reconfiguration should be avoided. At higher power, we
expect the quadratic trend to eventually saturate owing to the
increased nonlinear photoconductivity'*.

With these results in hand, we investigate the SHG process in the
cold cavity regime, for which we map the CE as a function of the pump
wavelength and north heater power after poling (Fig. 3C). To minimize
the impact of thermal bistability on the measurement, here we keep
the pump power as low as 0.2mW. The result displays two main
branches: the first (red dashed line), nearly vertical, represents the
pump resonance, which doesn’t undergo a shift when increasing the
north heater power (except for a slight thermo-optic crosstalk); the
second (blue dashed line), oblique, is associated with the SH reso-
nance, which experiences the most important shift rate. In Fig. 3D-E
we show the slices obtained along these trends, which we fit with a
Lorentzian and squared-Lorentzian model respectively.

Frequency comb upconversion

To showcase the potential of our device, we investigate its suitability
for upconversion of a frequency comb. We first inject in the south
resonator two separate L band CW lasers, amplified and tuned to
match an integer multiple of the resonator’s FSR, as sketched in
Fig. 4A, and tune the south resonator heater in order to couple effi-
ciently to the respective resonances. Enhanced by the south resonator,
the circulating field produces a cascade of stimulated four-wave mix-
ing (FWM) processes, resulting in the formation of an incoherent fre-
quency comb, whose bandwidth is determined by the pump line
spacing, detuning, and waveguide dispersion.

The circulating FWM comb can trigger the AOP process. To this
end, we slowly decrease the north heater power while monitoring the
generated spectrum at both pump and SH with two optical spectrum
analyzers (OSA), as shown in Fig. 4B. As soon as the appropriate
detuning conditions are met, the north resonator is observed to
scatter near-visible light, confirming the onset of the AOP process. The
SHG spectrum displays a set of equally spaced comb lines with the
same frequency spacing (1/4 wavelength spacing) as the pump, and
upconverted power in the milliwatt level per line. We interpret the
observed spectrum as the result of a combination of SHG and SFG
processes, all phase matched by the same x® grating, made possible by
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enhanced x® interaction in the south resonator produces an incoherent comb
through cascaded FWM. The comb is then frequency doubled in the interaction
region, where it participates to AOP and related SHG and SFG, and finally output
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from the north resonator coupler. B Generated comb (spacing: 2 FSR) for varying
resonance detuning configurations. When red-detuning the north ring resonances
from the optimal condition, the entire SHG comb power is gradually decreased. The
shaded area in the top graphs represents the squared FH comb envelope (shaded
trace in the bottom graphs) rescaled to the maximum of the generated SH, for
comparison.

the matching of the two resonators’ FSRs, which do not affect the
pump spectrum.

The envelope of the frequency doubled comb systematically
replicates that of the pump spectrum squared (red shaded area), as
expected, with a small deviation that we attribute to the residual FSR
mismatch and to the effect of GVD. Note that, in contrast, the QPM
bandwidth (estimated around 202 nm) does not limit the generation
bandwidth, owing to the short length of the grating Ly, =361 um (see
“Methods”, Eq. (2)). By varying the comb lines spacing to integer
multiples of the FSR, it is also possible to broaden the fundamental
comb (Supplementary Note 3), while the frequency doubling band-
width remains nearly constant.

Simultaneous comb generation and upconversion

We then investigate the system suitability to simultaneously generate
and upconvert a Kerr comb. To this end, we use a single high-power
(1.6 W) line around 1591 nm to pump the south resonator and produce
a modulation instability (MI) comb (Fig. 5A). To trigger the comb and
maximize its extent, we deliberately introduce a weak linear coupling
between the north and south resonators (Supplementary Note 4),
which produces an anticrossing-type perturbation in the otherwise
normal GVD profile® and simultaneously broadens the linewidth of
higher-frequency resonances, until we establish an optimal span of
around 300 nm. By adjusting the north heater power to reach a doubly
resonant condition, an upconverted comb spectrum spanning nearly
50 nm is observed in the SH band, corresponding to a 100 nm extent in
the pump band. The upconverted comb spectrum replicates the
envelope of the pump comb, but compared to the FWM cases, the
pump comb shape also depends on the north heater power, as shown
in (Fig. 5B-C). We see that a lower heater power (lower SH detuning,
while keeping unchanged the excitation conditions) results in the most
efficient SHG, with upconverted power exceeding 10 mW per line
(Fig. 5C, first panel), but at the same time a generated comb spectrum
of only few lines, characteristic of primary combs. When increasing the
heater power, hence increasing the SH detuning, we observe a gradual
transition towards the full MI comb formation at the pump band and
broader upconversion, albeit paired with a decrease in the overall
upconverted power. This phenomenological trade-off trend can be
attributed to pump depletion, which sets a competition between the
X process yielding the comb formation and the AOP/SHG process.

Discussion

The device developed represents the first demonstration of addres-
sable doubly resonant SHG through external tuning, overcoming sev-
eral fundamental limitations inherent in the single-resonator

approach. Our strategy can be generally set in the context of coupled
resonator systems (or “photonic molecules”) which have been recently
employed to improve the performance of other nonlinear processes,
such as comb generation®, self-injection locking*®, and quantum light
generation**2, However, our approach differs fundamentally from the
above due to the deliberate choice of eliminating the linear coupling,
with the advantages of (i) strongly suppressing the parasitic loss due to
overcoupling of north resonator’s modes at the pump (ii) avoiding the
formation of supermodes, associated with a lower field enhancement
(equivalently, larger mode volume) and (iii) avoiding (or controlling)
alterations to the dispersion profile associated with mode anti-
crossings. It’s also worth noticing that our paradigm shares simila-
rities with hybrid racetrack geometries recently employed for the
demonstration of ¥ optical parametric oscillators in TFLN****, where
a non-resonant mode at short wavelength is linearly uncoupled, but
nonlinearly coupled with the resonant modes of a microresonator at
longer wavelengths.

Our strategy, originally introduced in the context of spontaneous
parametric sources®** and here combined with AOP, enables elec-
trical control over the doubly resonant condition within a pump
bandwidth exceeding 90 nm (11.2 THz), only limited in this demon-
stration by the range of our amplifiers. The system can systematically
generate milliwatt-level powers, with CE as high as 40%/W in CW
regime. These values are already useful for several practical applica-
tions and can likely be improved through further reduction of the
propagation loss and by achieving a better rejection of the residual
linear and intermodal coupling at the pump, further mitigating the
need for high pump power. Note that the CE could be further
improved by increasing the resonator quality factors without com-
promising the phase-matching bandwidth, thanks to the flexible
engineering of resonance positions. Alternative designs for linear
uncoupling (see, e.g., ref. 35) could also help mitigate the current
efficiency penalty, albeit at the expense of reduced QPM bandwidth
(see “Methods”).

Moreover, our device enables the broadband upconversion of
frequency combs through the engineering of a “synthetic” group
velocity matching condition (Eq. (1)), which we showcase over a pump
bandwidth of about 100 nm (12.5 THz) and upconverted power
exceeding 10 mW per line, with potential applications to self-
referencing of frequency combs. While it is worth noting that few
earlier demonstrations using the single resonator approach have
already shown comparable upconversion bandwidth” %, the gener-
ated powers reported so far have always been at least two orders of
magnitude lower than in the present demonstration, and the nature of
the modes involved at the SH has not always been clarified.
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Fig. 5 | Modulation instability comb generation and upconversion. A Generated
MI comb (bottom) and its upconverted spectrum (top), with a pump power of 1.6 W.
The shaded area corresponds to the upconverted spectrum extent. B Accumulated
optical spectra of FH (bottom) and SH (top) for varying north heater power. A

crossover from Turing patterns to the broadband MI comb can be observed in
combination with a decrease of the overall generated power. C Selected spectra
from (B).

Table 1 provides an overview of several integrated platforms at the
state of the art, showing the key figures of merit for broadband SHG.
While some demonstrations have reported higher values separately,
our result effectively represents the best trade-off between CE, band-
width, and generated power, especially among CMOS-compatible
platforms.

A further perspective advantage of our approach is the possibility
of continuously tuning the doubly-resonant SHG. By synchronizing a
pump laser scan with the tuning of the south and north heaters, one
could potentially achieve a “gap-free” tuning of the generated SH field,
which could be particularly beneficial to address specific SH wave-
lengths, such as those associated with atomic transitions. Essential
requirements to this end are (i) the possibility to continuously tune the
pump and SH resonances across at least one FSR (here around 130
GHz, realistically achievable with standard heater modules) and (ii) a
seamless transition between different pairs of resonances involved in
the AOP-SHG process, that should be slow enough to allow the
reconfiguration of the grating.

While the present demonstration focused on the SHG and SFG
processes, the same device can be used to withstand downconversion
processes such as difference frequency generation* and spontaneous
parametric downconversion*®, or embedded in more complex pho-
tonic systems such as hybrid self-injection-locked sources®. Finally,
this approach is universal and could be extended to different material
platforms, such as TFLN, in combination with an appropriate strategy
to address the QPM condition®.

In conclusion, we have demonstrated a frequency doubling device
capable to arbitrarily address the doubly resonant condition, unlock-
ing the potential for broadband and efficient upconversion. Our
approach can be extended to a variety of nonlinear integrated systems

and processes, with applications ranging from microcombs to on-chip
nonclassical light sources.

Methods

Theoretical model

In order to estimate the generated power, we can derive an equation
for the SHG process. Considering the general expression for the sec-
ond order nonlinear Hamiltonian, as given in*’, the fields of interest are
those inside the upper arm of the Mach-Zehnder interferometer at the
fundamental and second-harmonic frequencies and, if we explicit the
terms in the equation, following the backward Heisenberg picture*®
and consider the CW regime, we get for the power of the generated
second harmonic:

2
(2) 2
(XeffPFH> Ospy Wy |/ (@sh, Opp, D)l
SH =

@

’

48015 e, Vg, suUg, rrAerr
where )((ezf} is the second order nonlinear susceptibility induced by the
AOP, Pgy is the injected pump power (in the bus waveguide), ne is the
effective index and vy is the group velocity (at the FH/SH frequency),
Aesris the nonlinear effective area of the process, and /(wsy, Wry, Wen) is
the overlap integral, which takes into account the spatial overlap of the
three fields involved in the process, that in our structure interact only
inside the upper arm of the MZI of length Lyz, and is given by:

B 5 Ay
J(@syy, Wpr, Opn) = f north (@sp )f south (Wpn)“ €2

x sinc <%) [—Osukfy + 108y Ksu) Lyizi,

(©)

Nature Communications | (2025)16:6164


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61468-9

Table 1| Comparison of state-of-the-art integrated platforms for SHG at telecommunication wavelength

Platform On-chip CE (%/W) SHG bandwidth (nm) Max on-chip SH Phase-matching method
power (mW)

TFLN waveguide (X-cut)*® 9500 0.97 16.5 QPM (electric field poling)

TFLN microring (Z-cut)® 250,000 >10 0.1 QPM (electric field poling)

TFLN microring (Z-cut)® 5,000,000 0.005* 0.02 QPM (electric field poling)

TFLN microring (Z-cut)?® n.a. 80P n.a. n.a.

AIN microring® 2500 0.42 3.3 Intermodal

AN microring'® 17,000 5 n Intermodal

AIN microring® 7 60° 0.61 Intermodal

GaP microdisk' 38 1 4x10° 4-QPM

GaP microring® n.a. 40° n.a. n.a.

SiC microring™ 360 0.03° 0.001 Intermodal

SisN, waveguide™ 0.05 45 0.16 QPM (all-optical poling)

SizN, waveguide” 0.15 >25 n.a. QPM (all-optical poling)

SisN, waveguide' 0.003 >100 0.6° QPM (all-optical poling)

SisN, microring® 0.16 10° 1 Intermodal

SizN4 microring™ 2500 0.06%¢ 2.2 Intermodal

SisN4 microring®™ 47.6 0.6%4 12.5 QPM (all-optical poling)

SisN4 microring® 2 2.3 2 QPM (all-optical poling)

SisN; microresonators system (this work) 40 >100° >10 QPM (all-optical poling)

The bandwidth is estimated at 10 dB; power and CE are intended at CW regime unless otherwise stated. n.a.: data not available.

“Doubly resonant SHG limited to a single resonance pair at pump/SH.
PEstimated from the overall extent of the upconverted comb spectrum.
°Average value at pulsed regime.

9With thermal tuning of the resonance.

where f,orin(wsy) is the field enhancement of the north resonator at the
SH, while f;oun(wrn) is the field enhancement of the south resonator at
the FH, osyny and ksyeny are the coupling coefficients of the direc-
tional couplers at the SH (FH), linked by the relation 0%, ¢y, + K3, =1,
and Ak is the phase matching condition, which is:

2

Ak =ksy — 2key —

“)

where A is the poling period. The resonant field enhancement inside
the i resonator can be expressed in term of quality factors as*:

2
- 4Ug, g QL, o8

, 5)
wol; Qc, g,

|fi(wo)I?

where i=north, south, wo = wsy, wry is the resonance frequency, L; is
the length of the i resonator, Q,4, and Qc,,, are the loaded and
coupling quality factors, respectively. In our structure, considered
linearly uncoupled by setting osy = kry =1, we have a nonlinear effec-
tive area Aegr=1.34 um? loaded quality factors Qsy=1.78x10° and
QLr=0.69x10° coupling quality factors Qcsy=9.69x10° and
Qcrn=3.05x%109 total length of the resonators Lsy=1129 um and
Ly =1124 um, and length of the Mach-Zehnder arm Lyz =361um.
When the active AOP process sets the phase mismatch Ak = 0, inducing
a Y2 =0.1 pm/V, we get for an injected power of Pr;=300mW a
generated power of Psy ~ 20mW, with a conversion efficiency
CE ~ 22%/W.

Experimental devices

The devices used in this work were fabricated through a commercially
available foundry service (Ligentec SA). The silicon nitride waveguides
and resonators have a nominal cross-section of 1 x 0.8 um?” and they are
embedded in a silica cladding. Each fabricated photonic chip contains
69 devices (labeled “MZ1-MZ69”), all functional, designed to scan

different values of north/south FSRs, to target different values of
propagation loss in the two bands, and to compensate for fabrication
imperfections.

After a first assessment of the linear properties of the devices
fabricated, we focused our investigation on a single device ("MZ53”),
which we used to obtain the results shown in this work. The selected
device displays a total south (north) loop length of 1123.83 yzm (1129.186
um) for the FH (SH) optical path. The south resonator is coupled to the
bus waveguide through a point coupler with 0.67 um gap, while the
north resonator relies on a 62.1 um long directional coupler with 0.3
pum gap to efficiently in- and out-couple light to the bus waveguide,
tailored for a target propagation loss of 0.2 dB/cm and 0.4 dB/cm for
the FH/SH bands respectively. Both resonators use Euler bends to
mitigate mode mixing, with an effective bend radius around 30 um.

The MZI section consists of two 32 um long directional couplers
with a gap of 0.3 um. The upper arm of the MZI has a length of 361.16
pm and the interferometer is unbalanced by 2.197 um to separately
adjust the residual coupling of the FH and SH fields.

Linear characterization

To characterize the linear properties of the device(s), we coupled light
from a tunable laser (Toptica CTL at FH, New Focus Velocity TLB at SH)
to the chip using a lensed fiber. The sample contains inverse tapered
waveguides, that provide an insertion loss between 2 and 3 dB per facet
at the pump wavelength. Light is collected in free space using an
aspheric lens and routed either to InGaAs/Si detectors or coupled to
fiber and routed to an optical spectrum analyzer. Light at FH and SH is
separated using a dichroic filter, while the input polarization is con-
trolled to match the one of the fundamental TE mode. To perform
linear scans, we sweep the laser wavelength and record the transmitted
power using a fast photodiode. A fiber-based interferometer is used to
calibrate the measurement to precisely assess the GVD. The trans-
mission spectra are recorded for varying power of the south, north,
and MZI heaters (Supplementary Note 1).
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SHG investigation and optimization of the generated power

To investigate SHG, we proceed as follows. On a selected device, we
first tune the MZI heater to maximize visibility and Q factor in the
pump band: this is done to prevent the leakage of pump power
towards the north resonator resonances, that are strongly over-
coupled in the pump band and therefore act as a parasitic loss
channel. We then amplify the pump using an erbium-doped fiber
amplifier (EDFA) to obtain a typical power around 320 mW in the bus
waveguide and tune it in resonance with the target south resonator
mode. We then scan the north ring resonances from lower to higher
frequencies by slowly ramping down the current driving the north
heater. As soon as a nearly doubly resonant condition is matched, the
onset for the AOP process occurs, highlighted by a sudden increase in
the generated SH power, which settles to a stable value in a
time ranging from few milliseconds to several seconds. Finally, we
slightly optimize the three heaters’ currents to maximize the gener-
ated SH.

TPM imaging

For characterization of the inscribed x® gratings, a high power fem-
tosecond Ti:Sapphire laser is focused at the grating plane of the
microresonator in an upright configuration. The focal spot is then
raster-scanned across the plane while, in the meantime, its generated
SH signal is monitored so that the (squared) x® response is probed.
From the periodicity retrieved, the original phase mismatch between
the modes involved is inferred as:

2 2w, oy FH
eff — Teff

(6)

A c

where A is the poling period, w is the pump angular frequency and
ni?f(SH) is the effective index of the FH (SH) mode. From simulations, we
estimate A=4.35um, in good agreement with the result shown

in Fig. 2D.

Data availability

The data and code that support the plots within this paper and other
findings of this study are available from the corresponding authors
upon request.
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